Summary Dry seeds of Nigella sativa L. (Ranunculaceae) are exposed to azo-dyes [methyl orange (MO) and malachite green (MG)] and heavy metals [cadmium (Cd) and lead (Pb)] following impregnation of a filter paper for 12 days at an interval of 48 h. Cytotoxicity on mitotic index, types, and frequency of cytological abnormalities and apoptotic cell death induced by the test materials are assessed in relation to control. All the studied environmental pollutants were found to reduce germination and growth, inhibit cell division, enhance cytological aberrations and cause apoptotic cell death. Fluorescence activated cell sorting (FACS) analyses not only reveal apoptosis but also induced metabolic peak shifting and polyploid cell formation at late G 2 phase. Results suggest that heavy metals (Pb Cd) show more toxicity than azo-dyes (MG MO). The objective of the investigation is to predict safety dose for commercial exploitation of the studied azo-dyes and heavy metals. From the standpoint of which the employed low doses of the studied environmental pollutants are found to induce cytotoxicity affecting germination and growth in seedlings of N. sativa.
Hazardous pollutants like heavy metals and azo dyes among others are frequently released in the environmental inter-collegium mostly through industrial (Sleiman et al. 2007 , Abdel-Tawwab et al. 2017 , Pirkarami and Olya 2017 effluents, and due to their prolonged shelf life (Fazio et al. 2014 , Bankole et al. 2017 ) they persist and accumulate in soil and water bodies causing cellular toxicity to different components of ecosystem (Fazio et al. 2014 , Savorelli et al. 2016 , Abdel-Tawwab 2017 . Toxicity assessment of these environmental pollutants is essential to provide an insight for biomonitoring. For the purpose, plant species due to its operational simplicity and cost effectivity can be an ideal material for assessment of cellular toxicity induced by heavy metals and azo-dyes. Furthermore, UNEP (United Nation Environmental Programme), WHO (World Health Organization) and USEPA (U.S. Environment Protection Agency) also authenticated the use of plant model for monitoring environmental pollutants.
The present investigation is designed to assess cytotoxicity and cellular apoptosis along with changes in cell cycle dynamics induced by azo-dyes (MO and MG) and heavy metals (Cd and Pb) using N. sativa L. (black cumin; Ranunculaceae) because of its cytological novelty as the species possesses relatively low chromosome number (2n=12), larger chromosome sizes and good stainability (Saha and Datta 2002) . The objective of the present work is to monitor safe dose(s) of the studied test materials such as azo-dyes and heavy metals for commercial exploitation.
Materials and methods

Germplasm
Nigella sativa L. (Ranunculaceae) seed stocks were procured from medicinal plant garden, Narendrapur Ramakrishna Mission, India as breeder seed (5.00% moisture content).
Treatments of azo-dyes and heavy metals
Azo-dyes, MO (Merck, MW 327.33) and MG (Merck, MW 364.9) were used for assessment. Stock solutions (1 M) of both the azo-dyes were prepared by using deionized water and serial dilutions were made to 2.5, 5, and 10 mM concentrations for treatments. Cd and Pb solutions were prepared from cadmium acetate dihydrate (Merck) and lead (II) nitrate (Merck), respectively to form 1 M stock solution in phosphate buffer saline (PBS) at pH 6.8. Both the stock solutions were subsequently diluted with PBS to 2.5, 5, and 10 mM concentrations for treatments.
In each lot (including control), 100 seeds of N. sativa were placed into Petri plates containing filter papers (Whatman No. 1) impregnated with 5 mL of respective concentrations of MO, MG, Cd, and Pb. At every 48 h interval up to 12 days, the Petri plates were soaked with all the tested solutions to ensure that the filter papers remained moist and the seeds were continuously exposed to the test materials. Such treatment mode was performed to provide near environmental niche. All the treatments were performed under uniform laboratory conditions at 20 1 C.
Assessment of seed germination and seedling growth
Seed germination rate and seedling growth were recorded on 13 days from treatments. All the germinated seedlings were measured on an 1 mm graph paper. Lethality and injury caused due to treatments were determined following Konzak et al. (1965) . Lethality was calculated considering the number of germination of control as 100%. Similarly, the injury was calculated for the mean seedling length of control as 100%.
Determination of cytotoxicity
Germinated roots (2 cm in length) from each treatment including control were cut, fixed in acetic ethanol (1 : 3) and preserved in 70% ethanol at 4 C. Roots were stained in aceto-orcein 1 M HCl (9 : 1) mixture following gentle warming over a spirit lamp for 8-10 min. Three slides were prepared for each treatment, for each slide, randomly selected two root tips were squashed in 45% acetic acid. The slides were observed under an Olympus microscope CH20i and suitable mitotic plates were photographed. Mitotic index (ratio between the number of dividing cells to the total number of cells) and, aberration types and their frequencies were scored.
FACS analysis of cell cycle dynamics
Thirteen days old germinated seedlings (20 mg) from each lot of treatment including control were washed with the PBS and taken in Petri plates containing 2 mL of ice-cold nuclei isolation buffer (45 mM MgCl 2 , 20 mM MOPS buffer, 30 mM sodium citrate, 0.1% v/v Triton X-100 adjusted to pH 7.0 with 1 M NaOH, Galbraith et al. 1983) . Immediately the seedlings were chopped with a fresh razor blade and incubated at 4 C for 30 min. Incubated samples were filtered using a nylon membrane (Cole-Parmer 25 mm, 0.2 µm pore) and the obtained suspensions were stored at 4 C in a dark. Nuclei suspension (200 µL) from each treatment was incubated in 50 µL dye solution [50 µg mL 1 propidium iodide (SigmaAldrich) and 50 µg mL 1 RNase A (Genei) in 10 : 1 ratio] followed by vigorous shaking for 15 min at 4 C in dark.
The propidium iodide-stained nuclei were analysed in a flow cytometer (BD FACS Verse system; 20 mW, 488 nm argon laser; flow rate 10-100 events per second up to a total of 10000 events per sample with emission filters 527/32, 586/42, 700/54 and 783/56) and were plotted in logarithmic scale. BD FACS Suite software is used for data analysis.
Statistical analysis
Critical difference (CD) at 0.05 probability level is performed from one-way analysis of variance (ANOVA) using three replication for seedling growth and mitotic index and also for the percentage of total mitotic abnormalities in dividing cells for assessment of significant variation between and among treatments.
Results and discussion
Seed germination and seedling growth
Seed germination and seedling length are assessed as immediate biological effect induced by the test materials and the data obtained are presented in Table 1 . Compared to control (61%), germination rate reduces in all treatments (MO: 48-46%, MG: 47-45%, Cd: 50-44%, Pb: 49-42%). N. sativa seeds under Indian conditions germinate from mid-November to February and best synchronous germination is obtained during early weeks of December. The current experiment is conducted in the third week of December and therefore the observed germination rate in control is rather low. However, in treatments, it decreases in comparison to control suggesting lethality induced by the tested chemicals. The percentage of lethality is found to vary from 21.31 to 26.23% in MO, 22.95 to 26.23% in MG, 18.03 to 27.87% in Cd and 19.67 to 31.15% in Pb. Excepting 2.5 mM MO treatment, seedling length decreases significantly (p 0.05) in all the treatments in comparison to control. Lethality is found relatively higher in heavy metals compared to azo-dyes. Results indicate that the employed doses of azo-dyes and heavy metals can cause growth inhibition in the studied species. Inhibition in seed germination and root elongation by other heavy metals (Chakravarthy and Srivastava 1992, Kiran and Șahin 2006) and azo-dyes (Zhou and Xiang 2013) are reported in Helianthus annuus and Lens culinaris and in Medicago sativa and Sesbania cannabina, respectively.
Cytotoxicity
Mitotic index and, types and frequency of cytological aberrations in test materials are presented in Table 2 .
Mitodepressive effect of MO, MG, Cd, and Pb in relation to control is evident from significant (p 0.05) reduction of mitotic index and it is mostly dose-dependent. On comparative basis of unique doses, mitotic index reduced in the following order of Pb Cd MO MG. Retardation of plant cell entering cell division phases due to exposure of azo-dyes (Dwivedi and Kumar 2015) and heavy metals (Barbosa et al. 2010, Pandey and (Fig. 1a) . Chromosomal aberrations observed in plants treated by various concentration of azo-dyes and heavy metals are diplochromatid (Fig. 1b) excepting MO, ring configuration (Fig. 1c), fragmentation (Fig.  1c-e) , polyploid cell formation (Fig. 1d-g ), stickiness (Fig. 1f), bridges (Fig. 1h-i) with or without fragment(s), laggards (Fig. 1j), multipolarity (Fig. 1j) , giant cells (Fig. 1k-l, n) , cell with chromatin disorganization (Fig.  1m) , pentagonal cell (Fig. 1o) and micronuclei (Fig. 1p) . Their frequencies of aberrations are shown in Table 2 . Micronuclei of variable sizes appear in several treatments of the test materials and they are either condensed or uncondensed type (Fig. 1p) . Dose-dependent significant (p 0.05) enhancement in total mitotic aberration frequency is noted in dividing cells into different doses of treatments and it is maximum in Pb followed by Cd, MG, and MO. Micronuclei ranges from 0 to 0.57% in MO, 0.10 to 2.07% in MG, 0.50 to 2.12% in Cd and 0.22 to 2.00% in Pb (Table 2 ). Giant cells (Fig. 1k, l, n) of variable shapes are also frequently found in treatments (control: 0%, MO: 0.85-3.04%, MG: 0.54-2.67%, Cd: 0.95-2.97%, Pb: 0.14-2.00%).
Azo-dye and heavy metal treatments induced mitotic aberrations can be broadly categorized as 1) sticky configuration of chromosomes, 2) chromosomal breakage leading to the formation of ring, bridges, fragments and micronuclei, 3) diplochromosome formation as an outcome of inhibition of centromeric division, 4) polyploid cells and multipolar organization are caused due to discrepancies in spindle apparatus and 5) cellular metabolic defects may result to giant cell and variation in cell shape and sizes. It is interesting to note that Pb and Cd induce the higher frequency of cell with intense chro- mosome fragmentation where the chromosome number seems to be higher than 2n=12 and the chromosomes are condensed in nature resembling c-mitotic effect. The occurrence of polyploid cells along with cell shape deformities throughout different treatments of test materials is rather significant. The anomalies noted in the mitotic cells due to azo dye and heavy metal treatments are rather similar to those induced by gamma irradiation and, copper and cadmium sulfide nanoparticles in N. sativa (Kumbhakar et al. 2016) . The mitotic abnormalities induced suggest mutagenic potentiality of the test materials under investigation. MO is known to be a potent mutagen (Chung et al. 1978) . Cytotoxic and genotoxic effects of heavy metals such as copper, cadmium, lead, and mercury, are reported earlier in Allium sativum and Vicia faba (Ünyayar et al. 2006) , A. cepa and Eucrosia bicolor (Kwankua et al. 2012) , Trifolium repens (Bhat et al. 2011) , Lycopersium esculentum (Tommonaro et al. 2015) . The authors suggested that heavy metals mostly induced mitodepressive effect, chromosomal fragmentation and micronuclei formation as that noted in the present study with Pb and Cd.
Assessment of cell cycle dynamics
Flow cytometric analysis of cell cycle dynamics exhibits the significant deviation of cellular events in treatments than control (Fig. 2a-o) . Changes noted in cell cycle progression compared to control are 1) upliftment in apoptotic cell frequency, 2) cellular metabolic peak shifting and 3) appearance of polyploid ( 4C) cells. Among the test materials, apoptotic cell death is found to be dose-dependent (Fig. 2b) and it is in the order of Pb Cd MG MO (excepting 5 mM Cd). Polyploid cell frequency in all the treatments are dose-dependent (Fig. 2c) and they are in the order of MO Pb MG Cd (excepting 5 mM Pb and 10 mM Cd). Wierzbicka (1999) studied cell cycle dynamics in Pb induced roots of A. cepa following an autoradiography using 3 H thymidine and suggested that at late G 2 phase inhibition of formation of microtubules can disorganize spindle functioning resulting in polyploid cell formation. In the present investigation, cellular metabolic peak shifting is evinced only in 2.5 mM of Pb and in all the employed doses of MO (Fig. 2d-f, m) . Initial dose (2.5 mM) of both Pb (Fig.  2m) and MO (Fig. 2d) and 5 mM MO (Fig. 2e) exhibit peak shifting towards sub-G 1 phase; while 0.010 M MO documents cellular metabolic dominance at G 1 -S junction (Fig. 2f) .
The present study highlights the following: 1) cytotoxicity can be corroborated with apoptotic cell death, 2) possible blockage of G 2 phase due to spindle dysregulation resulting in polyploid cell formation, 3) heavy metals are more toxic than azo-dyes, 4) employed low doses of the studied environmental pollutants are found to induce cytotoxicity affecting germination and growth and 5) cytological aberrations induced suggest mutagenic potentiality of the test materials. This study can be significant for its applicability in a biomonitoring experiment.
